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Abstract—This paper studies how boron transient enhanced dif-
fusion (TED) and boron thermal diffusion in Si1 Ge are inﬂu-
enced by a high-energy ﬂuorine implant at a dose in the range
5 1014 cm 2 to 1 1016 cm 2. Secondary ion mass spec-
troscopy (SIMS) proﬁles of boron marker layers are presented for
different ﬂuorine doses and compared with ﬂuorine SIMS proﬁles
and transmission electron microscopy (TEM) micrographs to es-
tablish the conditions under which boron diffusion is suppressed.
The SIMS proﬁles show that boron thermal diffusion is reduced
above a critical F
+ dose of 7–9 1014 cm 2, whereas boron
TED is suppressed at all doses. Fitting of the measured boron pro-
ﬁles gives suppressions of boron TED diffusion coefﬁcients by fac-
tors of 6.8, 10.6, and 12.9 and of boron thermal diffusion coefﬁ-
cient by factors of 1.9, 2.5, and 3.5 for F
+ implantation doses of
9 1014 1 4 1015, and 2 3 1015 cm 2 respectively. The
reduction of boron thermal diffusion above the critical ﬂuorine
dose correlates with the appearance of a shallow ﬂuorine peak on
the SIMS proﬁle in the vicinity of the boron marker layer, which
is attributed to vacancy-ﬂuorine clusters. This reduction of boron
thermal diffusion is explained by the effect of the clusters in sup-
pressing the interstitial concentration in the Si1 Ge layer. The
suppression of boron TED correlates with a deep ﬂuorine peak
around the range of the ﬂuorine implant and TEM micrographs
show that this peak is due to a band of dislocation loops. This sup-
pression of boron TED is explained by the retention of interstitials
inthedislocationloops,whichsuppressestheirbackﬂowtothesur-
face. The ﬂuorine SIMS proﬁles show that the ﬂuorine concentra-
tion in the Si1 Ge layer increases with increasing germanium
concentration and that the ﬂuorine concentration in the Si1 Ge
layer after anneal is much higher than after implant. This indi-
cates that ﬂuorine is transported into the Si1 Ge layer from the
adjacent silicon, and is explained by the lower formation energy
for vacancies in Ge than in Si. This accumulation of ﬂuorine in
the Si1 Ge layer during anneal is advantageous for devices like
SiGe heterojunction bipolar transistors, where the boron must be
kept within the Si1 Ge layer.
Index Terms—Boron diffusion, diffusion suppression, ﬂuorine,
heterojunction bipolar transistors (HBTs), Si1 Ge , thermaldif-
fusion, transient enhanced diffusion (TED).
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I. INTRODUCTION
T
HE RECENT integration of Si Ge alloys into sil-
icon technologies has made it possible to incorporate
bandgap engineering concepts into silicon devices that were
previously only possible in compound semiconductor devices.
The Si Ge heterojunction bipolar transistor (HBT) [1] was
the ﬁrst example of the exploitation of bandgap engineering
in silicon technology and further applications are currently
being developed, such as the p-channel Si Ge MOSFET
with a compressively strained-Si Ge channel [2] and the
n-channel strained-Si MOSFET [3] with a tensile strained-Si
channel grown on a Si Ge virtual substrate.
The increasing use of Si Ge in bipolar and MOS tran-
sistors highlights the need to better understand dopant diffu-
sion in Si Ge and in particular to investigate methods of
reducing dopant diffusion, which has been shown to signiﬁ-
cantly degrade device performance. In Si Ge HBTs, out-
diffusion of boron from the Si Ge base creates potential
energy barriers [4] and limits the achievable basewidth, both
of which degrade the achievable value of and [5]. In
Si Ge and strained-Si MOSFETs diffusion of boron in the
pocket and the highly doped source/drain has detrimental ef-
fectsonshort-channeleffects[6].Borondiffusioncanarisefrom
thermal diffusion during annealing of deposited boron-doped
layers and from transient enhanced diffusion (TED) [7] due to
the annealing of ion implanted layers.
Over the past few years, considerable research effort has
been invested in the search for methods of reducing boron
diffusion in Si and Si Ge . The incorporation of carbon into
Si Ge duringgrowthhasbeenshowntosigniﬁcantlyreduce
boron diffusion in Si Ge [8] and has delivered Si Ge
HBTs with values of and approaching 300 GHz [5].
While this is a simple and effective method of controlling
boron diffusion in Si Ge HBTs, it is not without difﬁcul-
ties. For example, interstitial carbon increases substantially at
higher carbon contents [9]. Fluorine implantation has also been
studied as a method of reducing boron diffusion in silicon, and
it has been shown that ﬂuorine both suppresses boron TED in
silicon [10]–[16] and boron thermal diffusion [17]. Recently,
the authors have also shown that ﬂuorine suppresses boron
diffusion in Si Ge [18] [19].
In this paper, a study is made of the effect of ﬂuorine im-
plantation dose on boron TED and boron thermal diffusion in
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Fig. 1. Boron proﬁles after anneal at 1000 C for 30 s in dry nitrogen for growth A samples implanted with P and F (long dash line), with P only (dot dash
line), and with F only (short dash line), and for samples with no implants (dotted line). Results are shown for ﬂuorine implantation doses of (a) 5￿ 10 cm ,
(b) 7 ￿ 10 cm , (c) 9 ￿ 10 cm , and (d) 1:4 ￿ 10 cm . As-grown boron and germanium proﬁles are also shown for reference.
Si Ge . It is shown that boron TED is eliminated at all ﬂuo-
rine doses studied and correlates with a deep ﬂuorine peak at a
depthcorrespondingtotherangeoftheﬂuorineimplant.Reduc-
tion of boron thermal diffusion occurs above a critical ﬂuorine
doseof – cm andcorrelateswiththeappearanceofa
shallowﬂuorinepeak.Explanationsareproposedforthenatures
of these shallow and deep ﬂuorine peaks and for their effect on
boron thermal and TED. Values of boron diffusion coefﬁcient
for different ﬂuorine doses are obtained from simulation of the
measured proﬁles.
II. EXPERIMENTAL PROCEDURE
Low-pressure chemical vapor deposition at 850 C (growth
A) and 800 C (growth B) was used to grow layers analogous
to those used in Si Ge HBTs. Layers grown included a Si
starter layer, a Si Ge layer and a Si cap layer on a (100)
silicon wafer. Boron doped marker layers were incorporated
withintheSi Ge layerswithpeakconcentrationsof
cm (growth A, 6% Ge) and cm (growth B, 11%
Ge). Four types of samples were then produced from the same
wafer; the ﬁrst had no implants (unimplanted), the second a
phosphorusimplantonly(P implanted),thethirdaphosphorus
andaﬂuorineimplant(P &F implanted)andthefourthaﬂu-
orine implant only (F implanted). A 288 keV, cm
phosphorusimplantwasusedwithanenergyanddosesimilarto
those used for selective implanted collectors. The F was im-
planted at 185 keV, with a dose in the range cm
to cm and with the energy chosen to give a ﬂu-
orine peak coincident with the phosphorus peak. The samples
wereannealedbyrapidthermalannealinginnitrogenat1000 C
for 30 s. Boron (B11), ﬂuorine (F19), and germanium (Ge74)
concentration depth proﬁles were obtained on all samples by
secondary ion mass spectroscopy (SIMS). The layers were also
analyzed by transmission electron microscopy (TEM). The an-
nealed boron SIMS proﬁles were ﬁtted using the fully coupled
diffusion model in the SILVACO ATHENA simulation program
and the diffusion coefﬁcients were extracted from the best ﬁts
obtained.
III. RESULTS
Fig. 1 shows boron SIMS proﬁles in samples implanted with
F at a dose in the range cm to cm
andannealedat1000 C.ForthesampleimplantedwithP only
(P implanted), Fig. 1(a) shows that the anneal gives consider-
able out-diffusion of the boron proﬁle into the adjacent silicon
layers due to TED arising from the point defects introduced by
the P implant. The SIMS proﬁle for the P and F implanted
sample (P and F implanted), indicates that the amount of520 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 52, NO. 4, APRIL 2005
Fig. 2. Boron proﬁles after anneal at 1000 C for 30 s for growth B samples
implanted with P and F (long dash line), with P only (dot dash line) and
with F only (short dash line), and for samples with no implants (dotted line).
Results are shown for ﬂuorine implantation doses of (a) 2:3￿10 cm , and
(b) 1 ￿ 10 cm . As-grown boron and germanium proﬁles are also shown
for reference.
boron diffusion is dramatically less than that in the sample im-
planted with P only and is comparable with the amount of
boron diffusion in the unimplanted sample (unimplanted). This
indicates that the cm F implant has completely
suppressed boron TED resulting from the phosphorus implant.
Similar results are seen in Fig. 1(b) for a F implant of
cm .
Fig.1(c)showsSIMSproﬁlesfora cm F implant
and very different behavior is observed. In this case, the amount
of boron diffusion in the P &F implanted sample is not only
dramaticallylessthanthatinthesampleimplantedwithP only,
but also signiﬁcantly less than that in the unimplanted sample.
Furthermore, the amount of boron diffusion in the P &F
implanted sample is similar to that in the F implanted sample
(F implanted). These results indicate that a cm F
implant not only suppresses boron TED but also signiﬁcantly
decreases boron thermal diffusion. Similar behavior is seen for
aF dose of cm , as shown in Fig. 1(d).
Fig. 2 shows boron SIMS proﬁles in samples implanted with
higher F doses of cm (Fig. 2(a)) and
cm [Fig. 2(b)]. It should be noted that these proﬁles were
obtained on a different wafer (growth B) than those in Fig. 1
TABLE I
SUMMARY OF THE REDUCTION OF BORON DIFFUSION COEFFICIENT IN
SAMPLES IMPLANTED WITH P &F AND WITH F ONLY.T HE VALUES OF
BORON DIFFUSION COEFFICIENT FOR THE P and F IMPLANTED SAMPLES
WERE NORMALISED TO THE DIFFUSION COEFFICIENT FOR THE P IMPLANTED
SAMPLE AND THE VALUES OF BORON DIFFUSION COEFFICIENT FOR THE
F IMPLANTED SAMPLES WERE NORMALISED TO THE DIFFUSION
COEFFICIENT FOR THE UNIMPLANTED SAMPLE
(growth A). These samples show a similar trend to that seen in
Fig.1(d),namelythesehighdoseF implantsnotonlysuppress
boron TED resulting from the P implant but also signiﬁcantly
decrease boron thermal diffusion.
Valuesofboron diffusion coefﬁcientwere extractedbyﬁtting
to the measured boron proﬁles and values of diffusion reduction
factor are summarizedin Table I.For thesampleimplanted with
P and cm F , the ﬂuorine implant reduced the
boron diffusion coefﬁcient by a factor of 12.9 compared with
the P implanted sample.
Fig. 3 shows ﬂuorine SIMS proﬁles in growth A samples im-
planted with P &F at a dose in the range cm to
cm and annealed at 1000 C. For the two lowest
ﬂuorine implantation doses of cm and
cm , negligible ﬂuorine is present (at the SIMS background
of cm ) in the vicinity of the Si Ge layer after
anneal. The majority of the ﬂuorine is located in a broad peak,
which for a F dose of cm is slightly deeper than
the range of the ﬂuorine implant ( m), and for a F dose
of cm is at a similar depth as the ﬂuorine implant
( m). For a ﬂuorine dose of cm , Fig. 3(c)
shows two additional peaks in the Si Ge layer at depths of
0.16 and 0.19 m, which correspond with the positions of the
top and bottom heterojunction interfaces. A small shoulder on
the deep ﬂuorine peak can also be seen between 0.22 and 0.28
m. For a F dose of cm , Fig. 3(d) shows a sim-
ilar set of ﬂuorine peaks as seen in Fig. 3(c). An interesting fea-
ture of the peak at the bottom heterojunction interface (0.19 m
peak) is that the ﬂuorine concentration after anneal (
cm ) is considerably higher than the concentration at the same
depth after implant ( cm ).
Fig. 4 shows ﬂuorine SIMS proﬁles of samples implanted
with P and F at a dose of cm or
cm andannealedat1000 C.Itshouldbenotedthatthesepro-
ﬁles were obtained on a different wafer (growth B) than those in
Fig. 3 (growth A). For a F dose of cm , Fig. 4(a)
shows two peaks in the Si Ge layer at the top and bottomEL MUBAREK et al.: EFFECT OF FLUORINE IMPLANTATION DOSE ON BORON TED 521
Fig. 3. Fluorine SIMS proﬁles before and after anneal for growth A samples implanted with (a) 5 ￿ 10 cm , (b) 7 ￿ 10 cm , (c) 9 ￿ 10 cm , and
(d) 1:4 ￿ 10 cm . The corresponding germanium proﬁles after anneal are shown for reference.
Fig. 4. Fluorine SIMS proﬁles before and after anneal for growth B samples
implanted with P and F at ﬂuorine implantation doses of (a) 2:3 ￿ 10
cm , and (b) 1 ￿ 10 cm . The corresponding germanium proﬁles after
anneal are shown for reference.
heterojunctioninterfaces.Theﬂuorineconcentrationsatbothin-
terfaces after anneal are considerably higher than the equivalent
concentrations at the same depth after implant. This indicates
TABLE II
SUMMARY OF FLUORINE CONCENTRATIONS AT THE TOP AND BOTTOM
Si Ge /Si HETEROJUNCTION INTERFACES AFTER IMPLANT AND
AFTER ANNEAL AT 1000 C FOR FLUORINE IMPLANTS AT DOSES IN THE
RANGE 5 ￿ 10 cm TO 1 ￿ 10 cm
that ﬂuorine is being transported into the Si Ge layer from
theadjacentSilayersandisthenaccumulatingintheSi Ge .
A shoulder is again present between 0.22 and 0.28 m, and
a deep peak at a depth corresponding approximately with the
range of theﬂuorine implant ( m). Asharp ﬂuorine peak
is also present at a depth of 0.57 m, which corresponds with
the original growth interface. For a F dose of cm ,
Fig. 4(b) shows the presence of an additional shallow ﬂuorine
peak in the silicon cap layer at a depth between 0.03 and 0.08
m. Furthermore, the ﬂuorine shoulder between 0.20 and 0.24
m is more distinct than at lower ﬂuorine doses and the deep
ﬂuorine peak is considerably broader.
Table II summarizes the peak ﬂuorine concentrations at
the top and bottom heterojunction interfaces after implant
and after anneal. The results after anneal show that once the
ﬂuorine peaks in the Si Ge layer form at a F implant522 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 52, NO. 4, APRIL 2005
Fig. 5. Fluorine SIMS proﬁles before and after anneal for growth A samples
implanted with F only at a dose of 1:4 ￿ 10 cm . The corresponding
germanium proﬁle after anneal is shown for reference.
dose of cm , the concentrations at both interfaces
rise strongly with increasing ﬂuorine dose. At high F doses,
the ﬂuorine concentrations after anneal become much higher
than the equivalent values after implant. It is also interesting to
note that for F doses of and cm , the
ﬂuorine concentration after anneal at the bottom interface is
signiﬁcantly higher than at the top interface. The ﬂuorine and
germanium proﬁles in Fig. 3 show that this higher ﬂuorine con-
centration correlates with a higher germanium concentration.
Fluorine SIMS proﬁles were also measured for samples im-
planted with F only (no P implant) at doses in the range
cm to cm . An example is shown in
Fig. 5 for a F implant of cm . It can be seen that
this proﬁle is nearly identical to that in Fig. 3(d). The same re-
sult was obtained for all the other ﬂuorine doses, indicating that
the ﬂuorine proﬁles are not signiﬁcantly inﬂuenced by the pres-
ence of the phosphorus.
Fig.6(a)and(b)showscross-sectionalTEMmicrographsofa
sample implanted with P and cm F and annealed
at 1000 C and Figs. 6(c) and (d) show micrographs of a sample
from the same wafer, implanted with a F dose of
cm . Fig. 6(a) shows a band of defects extending from a depth
of about 0.30 to 0.51 m and a line of defects at a depth of 0.57
m, which corresponds with the depth of the growth interface.
No defects are seen at depths shallower than 0.30 m and in
particular no defects are seen in the Si Ge layer, which can
be seen as a dark band in the micrograph. The higher magni-
ﬁcation micrograph in Fig. 6(b) shows that the defects consist
of dislocation loops of various sizes ranging from around 16 to
62 nm. For the higher F dose implant in Fig. 6(c), a band of
defects can be seen extending from a depth of 0.28 to 0.52 m,
together with a line of defects at the growth interface at a depth
of 0.57 m. Once again no defects are seen in the Si Ge
layer. The higher magniﬁcation image in Fig. 6(d) shows that
the defects consist of dislocation loops, with various shapes and
sizes ranging from around 16 to 62 nm. TEM micrographs were
also taken after the P &F implants and before anneal for
both F doses, and it was found that the implants did not create
an amorphous layer.
For comparison, Fig. 7 shows a cross section TEM micro-
graph of a sample implanted with P only and annealed at
Fig.6. Cross-sectionalTEM micrographsofsamplesimplanted with288 keV,
6 ￿ 10 cm P and 185 keV F at different doses and annealed for 30 s
in dry nitrogen at 1000 C; (a) low magniﬁcation micrograph for a 5 ￿ 10
cm F implant; (b) high magniﬁcation micrograph for a 5￿10 cm F
implant; (c) low magniﬁcation micrograph for a 2:3￿10 cm F implant;
(d) high magniﬁcation micrograph for a 2:3 ￿ 10 cm F implant.
Fig. 7. Cross-sectional TEM micrograph of a sample implanted with 288 keV,
6 ￿ 10 cm P and annealed for 30 s in dry nitrogen at 1000 C.
1000 C. In this case, the band of dislocation loops seen in
Fig. 6 around the range of the P &F implants (0.41 m)
is absent. This indicates that the band of dislocation loops is
caused by the ﬂuorine implant, rather than the phosphorus
implant.
To determine the effect of the boron on the ﬂuorine proﬁle,
aS i Ge multilayer structure was grown without any boron
and with Ge contents of 10, 6, and 3%. Fig. 8 shows ﬂuorine
SIMS proﬁles after a 288 keV, cm P and 185 keV,
cm F implant and an anneal in dry nitrogen for
30 s at 1000 C. The shallowest Si Ge layer lies at a depth
of 0.13–0.19 m and shows the presence of a sharp, ﬂuorineEL MUBAREK et al.: EFFECT OF FLUORINE IMPLANTATION DOSE ON BORON TED 523
Fig. 8. Fluorine SIMS proﬁle before and after anneal for an undoped
Si Ge multilayer structure implanted with 288 keV, 6 ￿ 10 cm P
and 185 keV, 2:3 ￿ 10 cm F and annealed in dry nitrogen for 30 s at
1000 C.
Fig. 9. Cross-sectional TEM micrograph of an undoped Si Ge multilayer
structure implanted with 288 keV, 6￿10 cm P and 185 keV, 2:3￿10
cm F and annealed in dry nitrogen for 30 s at 1000 C.
peak inside the Si Ge layer with a concentration consider-
ably higher after anneal than after implant. The similarity be-
tween the shallow ﬂuorine peak in Fig. 4(a) and the shallowest
ﬂuorine peak inFig. 8 indicates thatthe boron is not responsible
fortheformationoftheseﬂuorinepeaksintheSi Ge layers.
The middle Si Ge layer lies at a depth of 0.32–0.36 m and
again shows the presence of a sharp ﬂuorine peak with a con-
centration considerably higher after anneal than after implant.
The deepest Si Ge layer lies at a depth of 0.5–0.56 m and
the ﬂuorine concentration after anneal remains below that after
implant throughout the layer.
Fig. 9 shows a cross section TEM micrograph of the
Si Ge multilayer structure discussed above. The shallow
and middle Si Ge layers can be seen as dark bands, but the
deepest Si Ge layer cannot be clearly discerned, presum-
ably because the germanium content is too low (3%). There are
no defects in the vicinity of the shallow Si Ge layer, but a
broad band of dislocation loops traverses the deepest Si Ge
layer, analogous to those seen earlier in Fig. 6(c) and (d). The
middle Si Ge layer shows interesting defect structure, as
a line of defects can be seen inside the Si Ge layer, with
no defects in the Si above the Si Ge layer and few defects
in the Si immediately below the Si Ge layer. The defects
in the middle Si Ge layer consist of dislocation loops with
diameters varying from 16 nm to 49 nm.
IV. DISCUSSION
The results in Figs. 1 and 3 show a correlation between a
reduction in boron thermal diffusion and the appearance, at a
F dose of cm ,o fﬂuorine peaks in the Si Ge
layer. In contrast boron TED is suppressed for all ﬂuorine doses
studied and a deep ﬂuorine peak is seen at all doses. These re-
sultssuggestthattheshallowﬂuorinepeakis responsibleforthe
reduction of boron thermal diffusion and the deep ﬂuorine peak
for the suppression of boron TED.
TheﬂuorinepeaksintheSi Ge layerinFig.3lieatdepths
of 0.16 and 0.19 m, which correspond to 0.35 and ,
where is the range of the ﬂuorine implant. These ﬂuorine
peaks are not due to the presence of boron as similar ﬂuorine
peaks were seen in the undoped Si Ge multilayer structure
in Fig. 8. Simulations of vacancy and interstitial proﬁles after
implantation [20], [21] havepredicted a vacancy-richregion ex-
tending from the surface to a depth approaching the implanta-
tion range, , and a deeper interstitial-rich region peaking at a
depth just beyond . This indicates that the ﬂuorine peaks in
the Si Ge layer lie in the vacancy-rich region of the damage
proﬁle. The TEM micrograph in Fig. 6(c) shows no evidence
of line defects in the Si Ge layer and hence any trapping
of ﬂuorine at defects in the Si Ge layer must be due to de-
fectsthataretoosmalltoresolvebyTEM.Thereisconsiderable
evidence in the literature for the formation of vacancy-ﬂuorine
clusters in silicon [16], [22], [23], and in our previous work on
the effect of ﬂuorine on boron thermal diffusion in silicon [24],
we showed that vacancy-ﬂuorine clusters were responsible for
a reduction in boron thermal diffusion above a critical ﬂuorine
doseof to cm .Inthecurrentwork,similar
behaviorisseen, althoughthecriticalﬂuorine doseinSi Ge
is a little lower than that in Si, lying between and
cm . Given the similarity of our Si Ge results
with results in Si, we conclude that the ﬂuorine peaks in the
Si Ge layer are due to ﬂuorine trapped at vacancy-ﬂuorine
clusters. These clusters would be expected to give rise to a sup-
pression of the interstitial concentration in the Si Ge layer,
since any interstitials in the Si Ge could be annihilated at
the clusters. Since boron diffusion in Si Ge is mediated by
interstitials, an under-saturation of the interstitial concentration
in the Si Ge layer would explain the suppression of boron
thermal diffusion seen for ﬂuorine doses of cm and
above.
The deep ﬂuorine peak around the range of the ﬂuorine
implant is largely in the interstitial-rich region of the ﬂuorine
damage proﬁle, and hence it is likely that it is related in some
way to interstitial-ﬂuorine defects. A comparison of the SIMS
proﬁles in Fig. 4(a) with the TEM micrograph in Fig. 6(c),
shows that the deep ﬂuorine peak lies between about 0.28
and 0.55 m, which compares with the band of dislocation
loops between about 0.28 and 0.52 m. Thus there is a good
correlation with the depth of the dislocation loops, indicating
that the deep ﬂuorine peak is due to ﬂuorine trapping at the
dislocation loops. A cm F implant does not524 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 52, NO. 4, APRIL 2005
amorphise the silicon layer, and hence these loops are most
probably sub-amorphising implantation defects resulting from
a super saturation of interstitials in this region [25]. Similar
interstitial-type defects have been reported after anneal by Pi
et al. [23] for a F implant and by Wu et al. [26] for a BF
implant.
The generally accepted model for TED of boron is that self-
interstitials are lost from extended defects by emission
of single interstitial atoms [27]. The released interstitials ei-
ther diffuse to other defects, such as dislocation loops (Ostwald
ripening), or to the surface (dissolution). The diffusion of inter-
stitials to the surface gives rise to TED in boron layers located
near the surface. The results in Figs. 6 and 7 show that the band
of dislocation loops is present in the samples implanted with
P &F (Fig. 6) but not in samples implanted with P only
(Fig.7),indicatingthatﬂuorineplaysakeyroleintheformation
of the band of dislocation loops. This result suggests that ﬂuo-
rine enhances the Ostwald ripening process, so that self-inter-
stitials lost from defects diffuse to the dislocation loops,
rather than to the surface. This mechanism would reduce the
backﬂow of interstitials to the surface and hence would explain
the suppression of boron TED seen in samples implanted with
P &F .
The evolution of the shapes of the ﬂuorine peaks in the
Si Ge layer in Figs. 3 and 4 with increasing ﬂuorine dose
shows some interesting trends. For ﬂuorine doses of
and cm the ﬂuorine concentration after anneal
is much higher at the bottom heterojunction interface than
the top interface, as shown in Table II. Fig. 3 shows that the
ﬂuorine concentration at the interfaces correlates with the
germanium concentrations, which are cm at the
bottom interface and cm at the top interface. For
a ﬂuorine dose of cm (growth B), the ﬂuorine
concentrations after anneal at the two interfaces are similar,
which correlates with very similar germanium concentrations
at the two interfaces. This correlation between ﬂuorine and
germanium concentrations suggests that the concentration of
vacancy-ﬂuorine clusters in the Si Ge layer increases with
germanium content. The ﬂuorine proﬁles in Figs. 3(d) and 4
show that the ﬂuorine concentration in the Si Ge layer after
anneal is much higher than the concentration after implant and
also that the ﬂuorine concentration in the silicon immediately
adjacent to the Si Ge layer is much lower than within the
Si Ge layer. These results imply the transport of ﬂuorine
during the anneal from the adjacent Si into the Si Ge layer,
where it accumulates to reach levels much higher than was
present after implant. This result, and the above dependence
of ﬂuorine concentration on germanium content, suggests that
vacancy-ﬂuorine clusters form more readily in Si Ge than
in Si, which could be explained by the lower formation energy
of vacancies in Ge than in Si, as reported by Dalpian et al.
[28]. The presence of strain in the Si Ge layer may also
have an inﬂuence on the vacancy-ﬂuorine cluster formation.
Finally, Fig. 3 also shows that the ﬂuorine concentration at the
Si/Si Ge interfaces is lower than the concentration within
the Si Ge layer. This result can be explained by the ten-
dency of ﬂuorine to segregate to interfaces [24], as can be seen
in Fig. 4, where ﬂuorine is segregated at the growth interface.
For devices like Si Ge HBTs, where the boron needs to
be conﬁned within the Si Ge layer, the above migration of
ﬂuorine from the adjacent silicon into the Si Ge has im-
portant beneﬁts. This mechanism automatically leads to a high
ﬂuorine concentration in the Si Ge layer, which is precisely
where the boron proﬁle is located in a Si Ge HBT. The ef-
fect of the ﬂuorine in reducing the boron thermal diffusion is
therefore automatically maximized. Furthermore, this transport
of ﬂuorine into the Si Ge layer implies that high concentra-
tions of ﬂuorine can be obtained in the Si Ge layer without
the need to precisely position the ﬂuorine implant with respect
to the Si Ge layer.
The ﬂuorine SIMS proﬁle for the sample implanted with
cm F in Fig. 4(b) shows the presence of an additional
surface ﬂuorine peak in the silicon cap layer at a depth be-
tween 0.03 and 0.07 m. This surface ﬂuorine peak is in the
vacancy-rich region of the ﬂuorine damage proﬁle and hence is
likely tobe due to vacancy-ﬂuorineclusters. Earlier work onthe
effects of ﬂuorine in silicon [24] showed that a critical ﬂuorine
concentration after implant of – cm was needed
for vacancy-ﬂuorine clusters to form in silicon. Fig. 4(b) shows
that the ﬂuorine concentration after implant in the vicinity of
this additional shallow ﬂuorine peak is between and
cm cm , which is well above the critical con-
centration for vacancy-ﬂuorine cluster formation. The presence
ofthisadditionalshallowﬂuorinepeakinFig.4(b)cantherefore
beexplainedbythehighﬂuorineconcentrationinthesiliconcap
layer after a cm F implant.
The cross-sectional TEM micrograph of the Si Ge mul-
tilayer in Fig. 9 shows no defects in the shallow Si Ge layer
but a line of dislocation loops in the middle Si Ge layer.
The shallow Si Ge layer lies at a depth of 0.13–0.19 m
– , which places it in the vacancy-rich region of
the implant damage proﬁle. In contrast, the middle Si Ge
layer lies at a depth of 0.32–0.36 m – , which
places it on the edge of the interstitial-rich region of the damage
proﬁle [20], [21]. This suggests that the formation of the dis-
location loops in the middle Si Ge layer has been driven
by a high interstitial concentration. The absence of loops in the
shallowSi Ge layerindicatesthataﬂuorineimplantwillnot
generate dislocation loops in Si Ge provided the Si Ge
layerislocatedinthevacancy-richregionoftheimplantdamage
proﬁle.
V. CONCLUSION
A study has been carried out of the effect of ﬂuorine implants
with doses in the range cm to cm on
the TED and thermal diffusion of boron in Si Ge . A re-
duction of boron thermal diffusion is observed for F doses at
and above a dose of cm , whereas a suppression of
boron TED is observed for all F doses studied. The reduction
ofboronthermal diffusioncorrelateswith theappearance ofﬂu-
orinepeaksintheSi Ge layeratandaboveadoseof
cm . TEM micrographs show that there are no extended de-
fectsintheSi Ge layer,andhenceitisproposedthattheﬂu-
orine peaks are due to vacancy-ﬂuorine clusters. The reductionEL MUBAREK et al.: EFFECT OF FLUORINE IMPLANTATION DOSE ON BORON TED 525
in boron thermal diffusion above the critical F dose is then ex-
plained by the presence of the vacancy-ﬂuorine clusters, which
suppress the interstitial concentration in the Si Ge layer.
The suppression of boron TED correlates with a deep ﬂuorine
peak around the range of the ﬂuorine implant and TEM micro-
graphs show that this peak is due to a band of dislocation loops.
The suppression of boron TED by ﬂuorine is then explained by
theinﬂuenceoftheloopsinsuppressingthebackﬂowofintersti-
tials tothesurface.AnalysisoftheSIMSproﬁlesshowsthatﬂu-
orine is transported from the adjacent silicon into the Si Ge
layer during anneal, and reaches concentrations that are much
higher than observed after implant. This mechanism would give
beneﬁts in devices like Si Ge HBTs, where the boron pro-
ﬁleneedstobeconﬁnedwithintheSi Ge layer,sinceahigh
ﬂuorine concentration is automatically obtained in the vicinity
of the boron proﬁle, which maximizes the effect of ﬂuorine in
suppressing boron diffusion.
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